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Abstract 
The coupling of a direct thermal calculation with an optimization algorithm to achieve the identification of the 
thermal characteristics of a building structure is presented in this paper. The resolution of the direct thermal 
calculation is based on an electric network representation, based on a numerical solution using the finite differences 
method. The optimization model minimizes a criterion such as « least squares » between the wished temperatures 
inside the building and the model respond (time domain) by an inverse iterative algorithm « Reflective Newton ». 
The proposed optimization model is then validated with an experimental case, a closed wooden structure with one 
heated side. 
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1. Introduction 
With a strong presence in the energy efficiency development, the thermal design of buildings 
(including the walls) is important for controlling the amount of energy required to ensure thermal comfort 
throughout the year. The control of this parameter depends, in large part by the appropriate choice of 
materials (type, dimensions ...) which constitute the walls of the building.  
 
Many works are dedicated to the optimization of thermal insulation and building walls. Mahlia et al [1] 
have established a correlation between the thermal conductivity of the insulation and optimal thickness in 
the form of a second order polynomial. Comakli and Yuksel [2] determined the optimum thickness of 
insulation for exterior walls based on the life cycle of buildings in the colder cities of Turkey. Al-Khawaja 
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[3] determined for each type of insulation the optimum thickness, using as the optimization criterion the 
total cost of the energy consumed and isolation on hot countries. Al-Sanea et al [4] had determined with a 
dynamic model of thermal transfer the effects of the electricity tariff over the optimal thickness of a 
building isolation in Saudi Arabia. Lollina et al [5] conducted a study to determine the best level of 
insulation in new buildings from the energy, economic and environmental point of view.  
 
Nomenclature 
C thermal capacity (J.K-1) 
e thickness (m) 
H thermal conductance (WK-1) 
J  functional error  
R thermal resistance (K.W-1)  
t  time (s)  
T       temperature (°C) 
T0       temperature of the outside surfaces of the structure (°C) 
T1 temperature of the inside surfaces of the structure (°C) 
Δt time difference (s) 
Greek symbols 
Φ  heat solar (kW) 
Subscripts and superscripts 
E  outer layer of the building structure 
M  inner layer of the building structure 
IN  internal air 
N iteration  
S  solar 
T  windows 
 
The role of the thermal inertia of the building is a topic widely studied in the literature. Balaras [6] for 
example, has highlighted the role of thermal mass on the cooling load of a building. He also did in this 
study a large review and classification of simulation tools for calculating the thermal load and air 
temperature inside a building, and taking into account the effect of thermal inertia. Asan and Sancaktar [7] 
showed that the thermophysical properties of the wall have a significant effect on the delay and damping 
of the thermal wave K. Ulgen [8] for his part initiated a theoretical and experimental study on the effect of 
thermophysical properties of the walls on the delay and damping of the building response. He suggested 
the use of multilayer walls with insulation for buildings occupied all day and monolayer walls for 
buildings occupied during specific time intervals. 
 
To characterize the dynamics of the building, Antonopoulos and Koronaki [9] defined an apparent 
capacitance and effective capacitance. Other authors have demonstrated the importance of the position of 
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the insulating layer in the wall on the dynamic behavior of buildings (d’Asan [10] and [11], and Bojic and 
Loveday [12]. These authors have analyzed the influence of the insulation/masonry distribution in a wall 
with three layers over the energy consumption for heating and cooling. 
 
McKinley et al [13] presented a procedure for optimizing the thermal parameters of a building (thermal 
resistance and thermal inertia). The direct model is solved numerically and the optimization is performed 
by the algorithm "Reflective-Newton", available in a library of MatLab ®. Sambou et al [14] developed a 
model based on the thermal quadrupole method coupled with a genetic algorithm evolutionary multi-
objective. The objective of their work was to find the best compromise between thermal insulation and 
thermal inertia of a wall. The solutions are presented as a Pareto front (a set of non-dominated solutions, 
solutions among which we cannot decide whether a solution is better than another, since there is no single 
systematically lower than the others on all objectives).  
 
Our model is restricted to the study of the structure of a building with glass located in Gironde, subject 
to all the outer walls at a temperature and a flow of heat over a period of one year. A representation by an 
equivalent circuit diagram was proposed and solved numerically by the finite difference method. The 
interest of our study lies in the method of building thermal optimization (characterized by thermal, 
thermal capacity). The method involves minimizing a criterion of type "least squares", between the 
desired temperature inside the room and the response of the model. 
2. Direct model 
    We consider a structure (Fig. 1), consisting of six homogeneous walls, separating an external 
environment temperature ( )tTE  from an internal environment assumed isothermal (thermal capacity of 
the indoor air INC ). The structure exchanges with the external environment by convection (exchange 
coefficient EE RH 1= ) and absorbs a heat flow from the sun radiation ( ( )tSφ ). And last, it exchanges 
with the indoor environment by convection (heat transfer coefficient ININ RH 1= ) and absorbs heat flux 
from a heating source ( ( )tCφ ).  
 
 
Fig.1. Building outline and electrical analogy 
 Toufi k Bouache et al. /  Energy Procedia  42 ( 2013 )  280 – 288 283
The conduction exchanges treated in steady state (the case of glazing) are represented using only a 
single conductance. It is an analog model type 1R. The conductive exchange within the walls is 
considered in transient state. We use here the analog models 1R2C.  
 
The heat equations on the nodes INT , 1T  and  0T  are written in the following form : 
( ) ( ) ( )t
dt
dTCTTHTTH CININEINTININ φ=+−+− 1
  (1) 
( ) ( ) ( )tTTHTTH
dt
dTC TININMM φ=−+−+ 1011
  (2) 
( ) ( ) ( )tTTHTTH
dt
dTC SMEEE φ=−+−+ 1000
  (3) 
Using the finite difference method for discretization, we obtain the following system of equations:  
n
C
n
E
nn
IN
n
IN dTcTbTaT φ111111 +++= −
  (4) 
n
T
n
IN
nnn dTcTbTaT φ22021121 +++= −
  (5) 
n
S
nn
E
nn dTcTbTaT φ31331030 +++= −
  (6) 
ia , ib , ic  et 3,..,1=id  are coefficients which depend on geometric and thermophysical characteristics of 
the building. 
3. Inverse model 
    The thermal optimization of a building refers to the research of a better solution to optimize several 
variables of the thermal comfort under different constraints. The term « better » indicates that one or more 
solutions of conception exists. In an optimization process, the variables are selected to describe the 
system (for example the size, the form, materials, operational characteristics and others). One objective 
refers to maximize or minimize a function (the internal temperature in our case), and the constraints refer 
to an operation range which indicates a restriction or limitation on an aspect of the technological 
capacities of the system.  
In general, a problem of optimization consists in minimizing one or more objective functions subject to 
certain constrains, it is written in this form:  
( ) ( ) ( )[ ]ββββ mD JJJ  ,...., ,minimize 21∈
  (7) 
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Where ( )miJi ,...,1=  is an objective function, β  indicates the vector of parameter to be identified in 
the field of variable D.  
 
Or in the case where we look for a single objective ( 1=m ), the function to be minimized (Eq. 7) can 
be written in the following form: 
( )ββ Jminimize
 
ul ≤≤ β
  (8) 
The function (8) is optimized by the algorithm « Reflective Newton ». This is an iterative algorithm 
applied to nonlinear functions with several variables subject to upper and lower bounds of the variables. 
Each iteration seeks an approximate solution of a large linear system using preconditioned conjugate 
gradients method. The details of this algorithm are given in Coleman et al [15 and 16]. 
4. Application of the optimization method 
In this paper the optimization method is used to determine the set of thermophysical parameters of a 
building envelope, minimizing a quadratic criterion between the temperatures calculated by the direct 
model (Equations 4-6), and the temperatures recorded experimentally. 
( ) ( )[ ]¦ −= N mesIN tTtTJ
1
2)(,ββ
  (9) 
 
Fig.2. Solving algorithm 
The vector ȕ gathers the parameters to be estimated. The minimization of J leading to the 
identification of the parameters is carried out with the algorithm “Reflective Newton”. The identification 
of parameters is carried out in two stages (Fig. 2). As a preliminary step, it simulates random errors while 
adding the exact temperatures. The errors are represented by a Gaussian noise ȗ with zero mean and unit 
variance, the standard deviation of noise is equal to (Equation 10).  
( ) ( ) ξσ+= tTtT INmes
  (10) 
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5. Application of the optimization method 
To solve the direct problem, we used the physical and thermophysical characteristics of the building 
given in Table 1. The thermal solicitations experienced by the wall in the room are generally periodic: the 
outside temperature, the solar radiation and the heating of the room follow a daily variation. They are 
generated by TRNSYS for the region of Gironde (Fig. 3 and 4). 
Table 1. Physical characteristics of the building 
Simulation period for 1 January to 31 December Thermal conductance  (W/K) 
HM  HE HIN HT 
Orientation South 86.727 6560 1640 51.2 
Fraction walls / windows 20% for all the building surfaces 
Thermal capacity (J/K) 
CM CE CIN 
Dimension 10 x 4 x 10 m3 9.368×106 8.183×107 482880 
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Fig.3. Solar flux variation for the considered building (1st  January to 31st December) 
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Fig.4. Outside temperature evolution (1st  January to 31st December) 
 
Figures 5a and 5b show the result of the direct simulation of the dynamic evolution of the temperature 
inside the building for different noise (0, 0.1 and 0.5°C).   
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Fig.5a): indoor air simulated temperatures (1st January to 31st December) 
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Fig.5b): indoor air simulated temperatures (30st January to 09st February) 
 
     We seek to identify both the thermal conductance ( )KWH i  and the thermal capacity ( )KJCi  of the 
walls constituting the building. All the unknown parameters are gathered in the 
vector ( )EMTM CCHH ,,,β . The iH  values are included between 1 and KW  1000 , and the values of 
iC  are between 
410  and  KJ 109 . The algorithm is initialized from ( ) 10 ,10 ,10 ,10 770β . 
 
     For zero noise ( 0=σ ), the values identified (H and C in the Tables 2 and 3) are very close to exact 
values with a relative error close to zero. On the other hand, both surface thermal capacity ( MC  and EC ) 
gave a relative error of approximately 24%. Indeed, the steady state temperature is not very sensitive to 
these two parameters, which define only the thermal inertia of the building (transient). Figure 6 clearly 
shows the sensitivity of the thermal response of these two parameters. 
 
Table 2. Thermal conductance identification 
 
 HM (W/K) Relative error (%) HT (W/K) Relative error (%) 
Exact value 86.727  51.200  
Initial value 10  10  
0=σ  86.3211 0.47 51.325 0.24 
1.0=σ  87.083 0.41 50.9629 2.37 
5.0=σ  89.4191 3.10 49.952 2.43 
 
By adding first a slight noise to the vector indoor temperature, ( 1.0=σ  and then 5.0=σ ),  we note 
that despite the oscillatory character of these temperatures, the values of thermal conductance are very 
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close to the exact values with 3.10% error for the more severe case ( 5.0=σ ). The identified thermal 
capacity values generated an error of 25%, but are still acceptable in the construction field.  
Table 3. Thermal capacity identification 
 CM (J/K) Relative error (%) CE (J/K) Relative error (%) 
Exact value 9.3685×106  8.1482×107  
Initial value 1.0000×107  1.0000×107  
0=σ  1.0597×107 13.11 1.0164×108 24.74 
1.0=σ  1.0822×107 15.51 9.9843×107 22.53 
5.0=σ  1.1214×107 19.70 1.0007×108 22.81 
 
    For a better understanding of the thermal conductance influence and the thermal capacity of the 
building structure on the internal temperature, we carried out a sensitivity study. The results are shown on 
Figure 7, representing the transient evolution of reduced sensibility ( )MINM HTH ∂∂ , ( )TINT HTH ∂∂ , 
( )MINM CTC ∂∂  and ( )EINE CTC ∂∂ . We note that the internal temperature is not sensible to EC  and to a 
lesser degree to MH and MC , what explains the difficulties encountered by the algorithm to identify the 
surface heat capacity  EC  
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Fig.6. Temperature reduced sensibility for the parameters HM, HT, CM and CE 
6.  Conclusion 
In this paper, a temperature calculation module for simple buildings is presented, based on the 
coupling of two models: direct model based on the electrical analogy and an inverse model based on the 
method of "reflective newton method" applied for nonlinear functions. The module can estimate the 
thermal parameters of the walls and heating needs of the building. The interest of the module presented in 
this paper is to identify technical solutions that can meet the required building conditions, without the use 
of a direct simulation that involves a large number of trials to achieve results (RT2005, [17]). The inverse 
simulation used in our module can quickly give a first guidance of the composition of the walls (design 
phase), which can then be taken up by direct simulations (TRNSYS, Energyplus, COMFIE, e.g.) to refine 
solutions. The module will be used by architects as an artifice of calculation, to understand and define in 
advance the better insulation in new construction. Further work will lead to initially identify more 
complex walls involving windows for instance. The longer-term objectives of the project are to optimize 
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the design of the envelope to limit the consumption of heating while respecting the traditional criteria of 
thermal comfort. 
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